Laser additive manufacturing (LAM) is a fabrication technology that enables production of complex parts from metallic materials with mechanical properties comparable to conventionally manufactured parts. In the LAM process, parts are manufactured by melting metallic powder layer-by-layer with a laser beam. This manufacturing technology is nowadays called powder bed fusion (PBF) according to the ASTM F2792-12a standard. This strategy involves several different independent and dependent thermal cycles, all of which have an influence on the final properties of the manufactured part. The quality of PBF parts depends strongly on the characteristics of each single laser-melted track and each single layer. This study consequently concentrates on investigating the effects of process parameters such as laser power on single track and layer formation and laser-material interaction phenomena occurring during the PBF process. Experimental tests were done with two different machines: a modified research machine based on an EOS EOSINT M-series system and an EOS EOSINT M280 system. The material used was EOS stainless steel 17-4 PH. Process monitoring was done with an active illuminated high speed camera system. After microscopy analysis, it was concluded that a keyhole can form during laser additive manufacturing of stainless steel. It was noted that heat input has an important effect on the likelihood of keyhole formation. The threshold intensity value for keyhole formation of 106 W/cm2 was exceeded in all manufactured single tracks. Laser interaction time was found to have an effect on penetration depth and keyhole formation, since the penetration depth increased with increased laser interaction time. It was also concluded that active illuminated high speed camera systems are suitable for monitoring of the manufacturing process and facilitate process control.
Introduction
Laser additive manufacturing (LAM), also known as laser sintering, was developed in the early 1990s, but was only recently considered a part of an industrial revolution. According to the ASTM F2792-12a standard this manufacturing technology is called powder bed fusion (PBF) technology. Parts manufactured with PBF can be used in demanding industries such as medical, automotive and aerospace industries. The need for customized large-scale production requires technology to be developed towards higher economical and technical feasibility. Process feasibility in this study consists of several factors, such as production efficiency and quality of end products. (Gibson, Rosen & Stucker 2010 , Buchbinder et al. 2011 , Schleifenbaum et al. 2009 ) Nomenclature In recent years, research in additive manufacturing has concentrated on the characteristics and quality of new materials and their different industrial applications. Only few studies exist about process efficiency and most of this research is rather old or made by R&D departments of machine manufacturers for their purposes. Studies found in the scientific literature (Buchbinder et al. 2011 , Schleifenbaum et al. 2009 , Schleifenbaum et al. 2010 ) have focused on investigating the primary process time and boosting the build rate by increases in laser power and layer thickness. These studies conclude that layer thickness, scanning velocity and hatch distance to be the most important parameters affecting build rate. (Buchbinder et al. 2011 , Schleifenbaum et al. 2009 , Schleifenbaum et al. 2010 Geometrical freedom, mass customization and material flexibility are competitive advantages for laser additive manufacturing. They all depend strongly on process parameters and their optimization. Parameter selection must be such that the mechanical properties of the part, e.g. density, accuracy and surface finish, are as similar as possible to the part made from conventional materials. Control of laser energy input plays an essential role in ensuring proper material behavior in PBF processes. Optimization and further development of PBF processes are only possible by comprehensive understanding of the process and the effect of parameter adjustments. (Lehti et al. 2011 ) Such knowledge can be gained by monitoring the PBF process and identifying the phenomena occurring. Since PBF is used in fields of industry that require high quality parts, process control and quality control are important issues adding reliability to the process by enabling the checking and correction of faults at the earliest possible stage. (Lehti et al. 2011 , Hirvimäki et al. 2013 , Craeghs et al. 2012 Process monitoring has been done with various different sensors and imaging systems. A monitoring setup used by Craeghs et al., (Craeghs et al. 2012 ) including a high speed camera and a photodiode for mapping the melt pool, seems a promising way to monitor it during the building process. (Craeghs et al. 2012 , Tapia, Elwany 2014 , Craeghs et al. 2011 ) Studies made by LUT Laser research group (Lehti et al. 2011 , Hirvimäki et al. 2013 concluded that process monitoring with pyrometer and camera with active illumination systems are suitable for monitoring PBF. Irrespective of the monitoring method used, the large amount of data involved can be challenging. (Lehti et al. 2011 , Hirvimäki et al.2013 In the PBF process, parts are built layer by layer as the laser beam melts the required area of each layer to join with the previous one, which is repeated to form the final part shape. The basic principle of the PBF process is presented in Fig. 1 . By monitoring the interaction of the laser beam with material during fabrication of a single track or single hatched layer, it is possible to see the basic nature of whole process and understand the factors affecting process stability and efficiency. , Ciurana et al. 2013 , Yadroitsev et al. 2013 , Yadroitsev, Smurov 2010 (Scotti et al. 2014 ).
Aim and purpose of this study
The aim of this study was to study the formation of single tracks and single hatched layer. Test pieces fabricated during this study were examined by microscope. High-speed active illumination imaging system was used for process monitoring to be able to understand fundamental phenomena in the additive manufacturing process of metallic materials. Purpose was also to investigate the depth and the width of penetration of single tracks. Earlier studies has been concentrating on analysis of fabricated work pieces i.e. off-line analysis, whereas this study focuses on on-line analysis of PBF process by usage of active illumination high-speed camera system. An active illumination system from Cavitar Ltd. with a high-speed camera from Optronis GmbH was used in monitoring. Tests for this study were carried out with a modified research PBF system set-up with IPG 200 W SM CW fiber laser and in with an EOS EOSINT M280 system. The manufacturing process was carried out in an inert nitrogen atmosphere. The single track and hatch tests were manufactured on flat surfaced test pieces.
Material and equipment

Material
Material used in this study was EOS StainlessSteel 17-4 PH stainless steel powder. The composition of this powder is similar to US classification 17-4 PH and European 1.4542 stainless steel materials. The chemical composition of the material is shown in Table 1 . The powder is a pre-alloyed stainless steel and it is very often applied in high demand engineering applications such as in medical engineering and mold making industries. The mechanical properties of the built parts are with standard parameters fairly uniform in all directions. Parts manufactured from this powder can be welded, machined, shot peened, polished and coated if necessary. (EOS Material data sheet, 2014)
Additive manufacturing equipment
Two different laser additive manufacturing systems were used in this study. Both systems consisted of a laser, scanner optics, process chamber, and process control computer. The AM systems were equipped with 200 W and 400 W fiber laser sources. The laser additive manufacturing system with a 200 W fiber laser is a modified research equipment of EOS EOSINT M-series. The research equipment (not commercially available) has been modified to be similar to commercial equipment but built for research use with IPG YLS-200-SM-CW fiber laser and Scanlab hurrySCAN 20 scanner. The laser unit produces power of 200 W at a wavelength of 1070 nm. Focal length is 400 mm. The second laser additive manufacturing system used in this study is an EOS EOSINT M280 system.
High-speed active illumination imaging system
The single track tests and single hatched layer tests were monitored with a high-speed active illumination system consisting of a high-speed camera (Optronis CR3000x2) and active illumination imaging system (Cavitar Cavilux HF). The Cavilux HF illumination system is based on a diode laser that works in the near infrared range (810 nm). This high-speed camera is capable of up to 100000 frames per second (fps) with a resolution of 96 x 38 pixels. Cavilux HF system is capable of repeat pulses at high or ultra-high speed. The system is designed for taking videos or images of bright objects and includes a control unit, illumination laser, control software and in this case a high speed camera.. Fig. 2 presents the imaging setup.
Fig. 2. Imaging setup with active illumination source and high speed camera
This monitoring system uses single wavelength to overcome the light emitted by the process; the camera had an optical filter with transmission equivalent to light source wavelength. The set up prevents overexposure of image sensor of camera. The collected data consists of individual frames, which can be joined to form a video. In the experiments, the high speed camera was set up to image the process through a process chamber window, which was normal glass window instead of protective glass window such that the illumination laser light could reach the powder bed. The high speed camera took 5000 fps and the resolution of the images was 600 x 400 pixels.
Etching equipment
Polished sections were made from the single track test pieces such that the pieces were first cut in half in the longitudinal direction and then polished. Etching of the test pieces was made with electro etching using Kalling's 2 reagent as etchant.
Analysis equipment of test pieces
The polished sections were photographed with an Infinity digital camera in Olympus optical microscope. The penetration depth and width of the single track beads were measured with AxioVision LE64 microscopy software.
Experimental procedure
Geometries of used test pieces
The test pieces (shown in Fig. 3 ) were fabricated for altering the heat input of single tracks and one single layer to be able to determine the effect of heat input on the single track and layer formation and penetration depth. Single tracks were made on top of 20 x 40 x 15 mm plane surfaced bulk piece, test piece A in figure 3. Different heat input values used in this test are marked as St-3 to St3 and they are explained in Table 2 and 3. The single hatched layer tests were made with 200 W laser power. The test piece for this test is shown in figure 3 B. Hatch tests on cube shaped test piece are 5 mm x 5mm squares which were exposed with input values shown in Table 2 . 
Equations used
The energy density input in this study was calculated according to equation 1. (Schleifenbaum et al. 2010) h LT v P ED (1) In case of single tracks, the hatch distance is set equal as laser beam spot size. (Ciurana et al. 2013 
Parameters used in experiments
Nominal parameters in the single track test set are marked as St0 in Table 2 . Similarly the nominal parameters of hatch tests are marked as H0 in Table 2 . Energy input was varied by keeping the laser power constant of at 200 W in tests made at LUT Laser and constant at 325 W in tests made at EOS Finland. The laser scanning velocity was altered such that energy density varied as shown in Table 2 and 3. Table 2 shows the building parameters in single track tests made at LUT Laser. Table 3 shows parameters in the single track tests made at EOS Finland. Laser interaction time is calculated according to Equation 3, and laser interaction time describes the time that the material is exposed under the laser beam spot while the single tracks were scanned. The layer thickness in all tests was 0.02 mm. The St0 single tracks are manufactured with nominal building parameters and it is referred later as nominal value. All tests are made with so called skywriting option i.e. the scanner accelerates and decelerates to the desired scan speed before the laser beam is switched on. This ensures that the scan speed is constant in each scanned track.
Analysis of test pieces
Calculation of WDR
One of main features of the single track tests was to define the penetration depth and single track bead width. Matilainen ) defined a value of a width-depth ratio (designated as WDR) to describe the ratio between bead width and penetration depth . This value helps to evaluate whether the bead is wide and penetration is low and vice versa (see Fig. 4 ). WDR is calculated as in Equation 4 presents.
PD BW WDR (4)
Analysis of the active illuminated high-speed images
Active illuminated high speed images were analyzed visually. It was possible to observe accurately the behavior of the single tracks and single layer hatching with high speed imaging. Irregularities and disturbances of the process were determined visually from these images.
Results and discussion
Effect of energy density and laser interaction time to penetration depth
Single track specimen made with laser power of 200 W and 325 W were compared, since these test pieces have same energy density inputs. Fig. 4A illustrates energy density vs. penetration depth and 4B laser interaction time vs. penetration depth, when laser power of 200 W and 325 W were used.
Fig. 4. A: Energy density vs. penetration depth. B: Laser interaction time vs. penetration depth.
It can be concluded from Fig. 4A that the penetration depth of the test piece of 200 W laser power was almost in every case deeper than in test piece of 325 W. As single tracks of 200 W were exposed to laser radiation for a longer time, this was an outcome. Penetration depth increases as energy density also increases. In the 200 W test piece, penetration depth of the highest energy density (250 J/mm 3 ) was almost three times deeper as when the nominal energy density of 100 J/mm 3 (see the green dashed line in Fig. 4A ) was used.
Penetration depth (325 W) is linearly dependent on energy density. The penetration depth for the 200 W and 325 W test pieces varied between 10-30 μm, when the energy density was 200 J/mm 3 or less. The energy density over 200 J/mm 3 (black dashed line in Fig. 4A ) increases the penetration depth radically in the 200 W test piece. Fig. 4B indicates that the penetration depth increases as the laser interaction time increases. Penetration depth does not vary much with short interaction time. Deeper penetration can only be achieved when the interaction time is longer. Fig. 4B shows that the deeper penetration of the test piece made with 200 W is caused by the longer laser interaction time.
Effect of energy density and laser interaction time to WDR
Values of WDR (width-depth ratio of the penetrated single track) were calculated to be able to evaluate the shape of penetration. Fig. 5A presents energy density vs. WDR and 5B laser interaction time vs. WDR.
Fig. 5. A: Energy density vs. WDR, B: Laser interaction time vs. WDR.
As shown in Fig. 5A , when the energy density increases, the WDR decreases. Consequently, the penetration of single tracks gets deeper and narrower with increase in the energy density. Fig. 5A shows also variation in the value of WDR, which might be due to the small number of test points. Further study is needed to fundamentally understand this phenomena. Fig. 5B shows that WDR decreases dramatically with increase in the laser interaction time. This is due to the deep and narrow penetration of the single tracks. It can be concluded that high energy density and long interaction time results in narrow and deep penetration.
Single track penetration
Since some of the single tracks had very deep and narrow penetration into the bulk material, it was decided to analyze these tracks in more detail to establish, whether a keyhole had been formed. Steen and Mazumder (Steen, Mazumder 2010 ) describe a keyhole weld in laser welding as a weld that has a parallel-sided fusion zone and narrow and deep penetration. The intensity of the laser beam I should be equal to 10 6 W/cm 2 or more in order to achieve formation of a keyhole. Fig. 6 presents fusion zone profiles of different welding processes. (Steen, Mazumder 2010) The intensity calculations of this study (Tables 2 and 3) show that the threshold value of laser intensity I of 10 6 W/cm 2 for keyhole formation is exceeded in all of the single tracks. However, penetration depths and profiles of the penetrated beads were not always deep and narrow. resulted in molten material is solidifying mostly on top of the bulk material surface. However, this issue needs further study before definitive conclusions can be made.
Fig. 6. Fusion zone profile with different welding processes. Modified from Steen and Mazumder
Active illuminated high-speed imaging of single track and hatch tests
An active illuminated high speed imaging system was used to image the behavior of the process while the parameters changed. Fig. 7 presents imaged single track St1. As can be observed from Fig. 7 , the melt pool first acts normally. When t = 0.2 ms, there are disturbances in the melt pool and spatter starts to form. At t = 0.4 ms, the melt pool dives into the powder bed and spattering continues. After this diving, there are still some disturbances in the melt pool and spattering continues. At time t = 0.8 ms, the melt pool starts to stabilize. However, a small amount of spattering still occurs. Once the melt pool has stabilized, the spattering ends and the melt pool continues its track normally. As can be seen from Fig. 7 , the used photographic system shows well the disturbances and instabilities during single track fabrication. Fig. 8 shows imaged hatch H0. As can be seen from Fig. 8 , the melt pool at time t = 0 ms behaves normally. At t = 0.2 ms, disturbances occur in the melt pool and the shape of the melt pool changes. Multiple big spatters are formed. At time t = 0.6 ms, the melt pool moves and some balling can be seen behind the melt pool. Large spatters fly at high speed away from the melt pool. At time t = 1 ms, the melt pool stabilizes and remains stable still showing balling. The images in Fig. 8 show, that the photography system can be used to detect irregularities during the building process. In this case, a noticeable balling occurs during the hatching of one layer. The balling during the single layer hatching may be due to condensed impurities in the powder or in previous layers. This issue needs further studies before conclusions can be drawn.
Conclusions
The aim of this study was to examine the formation of single tracks and single layer hatches and depth of penetration and the width of single exposed tracks. A further objective was to investigate the suitability of a high-speed active imaging system as monitoring method. Earlier studies carried out by Matilainen et al. (2013) shows preliminary results as off-line analysis (after fabrication process is executed), and this is why also on-line analysis to process was decided to be carried out.
By investigating the penetration of the single tracks and monitoring single track and hatch exposure, better understanding of the effect of different laser parameters in laser additive manufacturing is gained. Experiments were done with various process parameters and the effect of parametric changes on the manufactured pieces was monitored with an active illuminated high speed camera system when additive manufacturing was performed with a modified research PBF machine coupled with a 200 W fiber laser, representing a EOSINT M-series, and with an EOS EOSINT M280 machine with 400 W laser power. The material used was EOS stainless steel 17-4 PH. It was concluded in this study that when energy density is increased, the penetration depth also increases. It was also concluded that when laser interaction time increases, the penetration depth increases. The width-to-depth ratio, WDR, was calculated and it was noted that the WDR decreases when energy density and laser interaction time increase. It must be noted that these results are valid only with EOS 17-4PH stainless steel material.
It was found that a high speed camera coupled with an active illumination system enables faults and irregularities in the building process to be observed. Furthermore, data from the active illuminated high speed system enables improved understanding of the process as process parameters are changed. It was concluded that laser interaction time has an effect on keyhole formation, since the penetration depth grows as the laser interaction time increases. Keyhole formation was visible in cases where the interaction time was long and energy density input was high. Differences between the penetration depths of tests made with 200 W and 325 W laser power may be a result of differences in the laser beam profile. In order to draw more specific conclusions, study and analysis of the beam profiles is required.
More detailed knowledge of phenomena occurring during laser-material-interaction in laser additive manufacturing will make it possible to optimize and control the process more accurately. One possible approach to gaining the necessary information is via effective monitoring methods such as the one used in this study. Knowledge of the penetration depths enables adjustment of the process, for example, when building overhang structures, for which the down facing surface quality could be improved by limiting penetration in these areas. When adaptive process control becomes available, the ability to increase penetration, for example, for re-melting of defects, would be a useful feature.
